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Study objectives: To evaluate volatile organic compounds (VOCs) in llte breath as tumor markers in 
lung cancer. Alkanes and monomethyialed alkanes are oxidative stress products tliat are excreted in 
the breath, the catabolism of which may be accelerated by polymorphic cytochrome' p450-mixcd 
oxidase enzymes that are induced in patients with lung cancer, 

Design: Combined case-control and cn:iss-scetional study. 

Setting: Five academic pulmonary medicine services in tin; United States and the United Kingdom, 
Patients and partkiptmtm One bundled seventy-eight bronchoscopy patients and 41 healthy volunteers. 
Intervention: Brea tit siutiplcs were analyzed by gas chromatography and muss spectroscopy to determine 
alveolar gradients (ie, the abundance in hreutli minus the abiuidiuice in room air) of C4-C20 alkanes and 
monouietliylated alkanes. 

Measurements: Patients with primary' lung cancer (PLC) were compared to healthy volunteers, and. a 
predictive model was constructed using forward stepwise discriminant analysis of the alveolar gradients. 
This model was cross-validated with u leave-one-out jackknife technique and w as tested in two additional 
groups of patients who had not been used to develop tin; model (ie, bronchoscopy patients in \vh< mi eaneer 
was not detected, and padents with metastatic lung cancer 

Results: Eighty-seven of 178 patients had lung cancer (FIX', 67 patients; MLC, 15 patients; undetermined, 
5 patients). A predictive model employing nine VOCs identified PLC witli a sensitivity of 89.6% (00 of 67 
patients) anti a specificity of 82.9% (04 of 41 (Kiticnts). (hi cross-validation, die sensitivity was 85.1% (57 til’ 
67 patients) and the specificity was 80.5% (33 of 41 patients). Hn; stratification of patients by tobacco 
smoking status, histologic tv pe of cancer, mid I \M stage of cancer revealed no marked effects, in tile two 
additional tests, tile model predicted MLC with a sensitivity of 66.7% (10 of 15 patients), and it classified 
the cancer-negative bronchoscopy patients with a specificity of 37.4% (34 of 91 patients). 

Conclusions: Compared to healthy volunteers, patients with PLC had abnormal breath lest findings that 
were consistent with die accelerated catabolism of alkanes and moiiomelhyiatexl alkanes. A predictive 
model employing nine of these VOCs exhibited sufficient sensitivity and specificity to be considered as a 
screen for lung cancer in a high-risk population such as adult smokers. 

(CHEST 200:}; 123:111&-2123 ) 
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Abbreviations: !">.\] \t— Ivre;-nth- 1 tlt-tljyIsvtocl jlk./t*.' contour; < YP ~ uvtoelimi'nr P450; VSLC mctu^lutii. 1 lung cancer: 
Yt'V — negative predictive value: Pt,(' = primary Lung cancer: PF’V — positive predictive value: VOO - volatile organic 
compound 


I) tiiuary carcinoma of (he lung is the leading cause 
of cancer death in Lvotli men and women in the 
United Stales. 1 A total of 99,000 men and 78,000 
women are affected every year, and 86% of them arc 
dead within 5 years of diagnosis. However, with early 
detection and treatment, the 5-year survival rate 
improves dramatically from 20% in patients witli 
stage 3 lung cancer to 70% in patients vvit.fi stage 1 
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disease. Researchers therefore have sought screen¬ 
ing tests lo detect lung cancer in its earliest stages, 

For editorial comment set: page 1788 

and several promising new early markers have been 
proposed, including computer-assisted image analy¬ 
sis of chest radiographs, polymerase chain reaction- 
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based assays of sputum, fluorescence bronchoscopy, 
and spiral t.’T scanning, 2-4 

In 1971. Pan ling et al 5 reported a new method for 
the microanalvsis of breath that revealed the pres¬ 
ence of large numbers of previously undetected 
volatile organic compounds (VOCs) in normal hu¬ 
man breath. .It is now known that a sample of breath 
contains, on average, approximately 200 different 
VOCs, mostly in pleomotar (in. 10 -1 ~ mol/1,) con¬ 
centrations. 11 Wo and others 7-1 " have identified ap¬ 
parent new markers of lung cancer among these 
VOCs, which are predominantly alkanes and meth¬ 
ylated alkanes. Until recently, these were empirical 
observations that could not be readily explained by 
known pathophysiologic processes. However, a plau¬ 
sible explanation has now emerged from an im¬ 
proved understanding of the mechanisms and kinet¬ 
ics of VQC synthesis and clearance. Alkanes and 
methylated alkanes in the breath are apparent mark¬ 
ers of oxidative stress, which are the toxic effects of 
reactive oxygen species comprising oxygen free rad¬ 
icals and hydrogen peroxide. Reactive oxygen species 
are constantly produced in the mitochondria and 
leak into the cytoplasm where they cause peroxida- 
tive damage to proteins, polyunsaturated tatty acids, 
and DNA. n ' ,; - Peroxidative changes to DNA bases 
may be carcinogenic.’' 1 it arid oxidative stress ap¬ 
pears to be increased in some cancers. 15 although the 
evidence for a causal role is lacking. Lipid peroxida¬ 
tion of polyunsaturated fatty acids in cell membranes 
generates alkanes such as ethane and pentane, which 
are excreted in the breath, 16 and breath methy[al¬ 
kanes may be products of the same process. 17 Al¬ 
kanes are metabolized to alkyl alcohols by cyto¬ 
chrome P-150 sCYPj-mixed oxidase enzymes, ,s and a 
number of studies 10 -— have demonstrated that these 
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enzymes are activated in lung cancer. Polyaromatie 
hydrocarbons in tobacco smoke induce the activity of 
CAT I At in the lung and placenta, and CAT 1A2 in 
the liver, resulting in the accelerated metabolism of 
a number of drugs and I lie activation of some 
procarcfittjgeus. 29 'idlest* findings provide a rational 
basis for tt breath test for lung cancer. The activation 
of CYP enzymes in patients with lung cancer may 
accelerate the degradation of volatile alkanes and 
inonoinetliylatcd alkanes that are produced bv oxi¬ 
dative stress and result in measurable changes in the 
com position of tli' breath. 

We have recently n ported tests for the set of (M 
to C20 alkanes and I hr ir mnnometliylated derivatives 
in the breath, wlii -h appear to vary with the amount 
of oxidative stress. 17 ’’ Those breath VOCs were 
significantly more abundant in older than in younger 
(lealtliy hitmans, a finding that is consistent with 
previous reports 25 -® that aging is accompanied by 
increased oxidative stress. We report liere an evalu¬ 
ation of this breath test as a marker of (list-use in 
patients with lung cancer, 

Matkwads and Methods 

HtHUiUl Suhjt.vt-i 

This im estimation involved the* following fom* study group*: 
(1? patient s with prirnarv lu»£ cantor (PLCk (21 pniionts with 
Eiincancer i VtLC); (3) patients with nn histologic 
cVidcikv fd hirtjr r.aiKv v r; and (4) hetil[[ j y \t drmtotr.s. Patients in 
the first tJiivid ,vt»j»iy /groups were cltLsaiiie-tl bn.v -d tut 
W»pv And biopsy finding to]lowing ;ui ubnormal ulvest radifi^mpli 
iimJintC. Tlx* bfultbs volur/tueis we/v reoruRt-cl in Staten Island. 
NV, Irom iiu v u hn*rs ol the general |Kjpiili.ition w ho had no histruv 
tti fumer or any other chronic diaeast*/* A btih^mup of heultbv 
unlutitc 1 A'ltw wi’ft- *■- 55 yt'iirs of awe was self(.-ted to sorr o as a 
Mo-iji fin* the patients with. PIXL all yl* wbtJin were 
— > ’ w d;- ■ 1 : f \ A ttfhauco MJioldnj 7 histo/y was obtained 
b’oiii all subjects, and c x-aub.ilu 1 ^ were ck-Rnud as liaviu^ been 
abstinent Irom the use of tobacco j/nxlm ts for at least 2 years. 

Potic \seve elLuble tn participate if they adv 2 = IS years of 
ay” cm-!•! i’■id- '’Maud the hfeutli coIJection pmeedui'e, could 0 ve 
■Wiiltcu u (• hied con onL and did not have a history oi piT'Viousk 
« 5 i;i^nosod cancer at am site. One hundred seventy-eight pat ients 
ivho had Li/: o reh/m'd to a pulmonary physician lor further 
evaluation nr an ij>iu>nnal chest radingraph were recruited from 
the pulmonary services of the Following five academic rnedicat 
centers; Charia^ fimss Hospital, Imperial College, l.^mdon, UK 
<75 subjects): ('olumlna Presf^yterian Medical Center, New York, 
NV (l‘> subjects): New York University Medical Center. New 
York. NY <5 subjects); Penn State Medical Center. Hershey. PA 
t/ifJ siihj<.ctsi; rind St. Vincents Medical Center. New York, NY 
’ 10 sal-:ects>. flic 41 healthx' \oluriteers, who were rccTiiitbil 
fruu. v i iten Island. NY, had no known bistort - of cancer. 41 ic 
i\- a■.<■■■ h was approved by the institutional n-view boards of all 
pa : cipatine institutions. 

Study Dkwi&h 

lids study included the following two components*, a casc- 
eontred stnrly arid a emNS-HcctioiiLll stud’ , life ciLsc-nontro! stnd\ 
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Paiiccta will'/ ahnorsnal chest x-rays 
scheduled for feoac&oictfpy at 
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Breath cotkctkR and assay 
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BroactoKopu and hktpty 


IdentiScadon of subjects 2 55 yean of 
age to produce control group osBpfifcreMe 
to primary ttmg cancer greiip 


No csncfr 


hktmtatk Primary 

lungcsjioer Jung cancer 
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13cnv«tbn of statistical 
prediction oh&iM 


Cross-validation In patients 
with ®e<B3tf«ic hsng cancer 
(sensitivity check) 


Cress-validation In patients 
with negative fciopsvcs 
(speciScrty chedt) 
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Cross-vaKdaiioa usinfe 
Je»Y*a>n«*cfit jactoift 
procedtce 


Ficuue L Study design flow diagram. Derivation of ihe four stud'.' groups used in the derivation and 
cross-validation of tiu statistical model are shown, 


involved patients with PI,C uikI healthy volunteers hi the devel¬ 
opment and initial cross-validation of a statistical prediction 
model. Hu* cross-sectional study involved two groups of hron- 
ehoscopv patients in additional, independent cniss-viiikiatu>ns <fv. 
patients with MLG arid patients with negative? biopsy findings). 

Detection uf Lung, Ctnuwr 

Broncho*. * w was performed iicxtirtling to standard proce¬ 
dures. 2 ” Intraluminal lesions were It waged or brushed for cytnl- 
og\ and were biogsted directly using a standard alligator forceps, 
Pareneh. mid ii >• i. were evaluated by the las we of the appro 
priate iifrv u u-1 o nt and by transbrunchial D- :o iv under direct 
fluoroscopic uuid 'm*'. Dung biopsy specimriH ww:-> presen t’d in 
forma !mi for ! o w o o- ■Xiunfnation by a pA.itii - . j f •(■, In patients 
with norulia-. •• 1 ■ iuidhigs at hturtchnsc* >] *v. aii* ! *iUnuil investi¬ 
gations (including serial CT imaging oi the dieri. needle biopsy. 
ijv surgical M"p.-. were performed until the diagnosis of cancer 
was either established or excluded. The dinted stage of the 
disease was determined according to the International TNM 
staging system for lung cancer, MIX' was defined as cancer from 
ii mmpulmonury prim my malignancy metastatic to the lung. 
Pathologists had no knowledge of the breath test results when the 


biopsy specimens were examined, 'flic Huai diagnosis employed 
fur data analysis, «ut cancer vs m> cancel 1 in the bronchoscopy 
group, was based on the reported histoputholugy of the biopsy 
specimens that had been obtained either during bronchoscopy or 
during subsequent hiopsv proce dures. Healthy control subjects 
were assumed to be free of cancer. 

Brvuth C<'}hvti<m anti Away 

A portable breath cullcction apparatus was employed to cap ¬ 
ture the YOCs in .1.0 L breath on a sorbent trap. The YOCs in 
1.0 L room air then were captured on a separate sorbent trap 
(Fig 2b Subjects wore a nose clip while breathing in and out of 
the disposable* mouthpiece of the apparatus for 2.0 min. Light 
flap valves hi flu* mouthpiece presented low resistance to respi¬ 
ration. so that breath samples ciiuld be collected w ithout discom¬ 
fort to patients, including those' who were elderly and/or had 
pulmonary disease. Breath samples from bronchoscopy patients 
were coll--'ted prior to the procedure, on the same day. All 
sorbent traps were sent to the laboratory for an analysis of the 
YOCs ly u. tonuited thermal desorption, gas chromatography, 
ami : ;;r • .,p- \. . This method has hern described in detail 

else-here Laboratory prison riel :,RNC and f(.i> had no 
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Fret 1 HE 2. The b " shiwii in use.' i 

subject want a ik ‘ T ip until tu qi n mid out through 
a disposable 11u - Lmg tube l- /■ breath Reservoir* 

and the small tube ui! tu its ernl is tb, ..orient trap, which 
captures the VOC.s in the breath. The front panel i*t the breath 
collection apparatus shows die ilow'nwter on trie left and a digital 
timer die top right. 


knowledge of the dhikul nr pathologic findings when the assn.) 
was performed, Ail subjects were aide ft) contribute a breath 
sample without anv adverse effects. 

The physiologic: interpretation < 4 breath YOG chvonmtugruLii 
data inquires the niiutpt of the al ■ •> 4ar _i adient.^*-” For a given 
hrvatli VOC» Vh denult?s the aua ■ the curse that is 

associated with the ehmiLiiitvigiUic pc- fwi that \Ob, and lb 
denotes the a n a logons area associated v.dh tb ■■■’ internal standard 
used to calibrate the instrument (0,25 nil ot - ppns l-bruuu>-4- 
fluomel'Mr'nzene: Supekti; IhTlethritv. PA c \u and Iu denote 
corresponding areas derived from the associated air sample, 'Hie 
alveolar gradient of the VOC is then determined as: 

alveolar gradient — Yb/lb — \ a. f a. 

The two terms give the relative abundance of tlieVOC in breath 
and air. respectively. For eaeh study subject, the above idrimd-a 
was used to compute the alveolar gradients ot each of the C4 to 
020 n-alkaries and their moriomethykitcs. The mean alveolar 
gradients of these VOGs then weie eonripnted ior the four study 
groups. :hi< 1 the results were displayed in a scries of surface plots. 


These plots show Hit; carbon chain length on the v-axis. the 
methykrikoi site on the i-oxis. tuid the mean alveolar gradient on 
tile fj -aKIN. 

titfiral AtHihiNtx 

1‘i'i-A . j stepwise discriminant analysis** was used to identify 
1 ii: ■ combination oi YOGfi that provided the best discrimination 
hr i-weeit patients with PLC and healthy volunteers. This multi- 
i:jl •' tec! i ok pic* produces a predict ive model u>r tf pint ion) that 
in it> *. die probability of disease for each stud’, subject, 
du-bug lung cancer m subjects having an estimated probability 
1 ;i v *<- ■ of > 0.5.'' 1 

Hk■ at curacy of this model was first tested by eruxs-validation 
ng a lea\tMine-out jackkniie technique', tu which each subject 
’ s classified using .ai equation derived from all other subjects/* 2 
Tilts technique was used because the sample size was iusiiHlcicnt 
Ui divide the sample into a training set for model develop me* nt 
and a validation set for testing that mode!. 1 he model was further 
tested in the fallowing two groups of patients that were not used 
in the derivation of the model: patients with Ml ,C vie, those with 
primary cancer of nonluitg sites metastatic to Inng.k and bron¬ 
choscope patients with negative biopsy findings. 

Rtf SUIT'S 

Tabic i suii>inari/.es the demographics of the study- 
subjects. Ilu breath tost identified SO different C4 
toC2() alkanes <uid moj ioinetliylatod alkanes that had 
been either synthesized or eataboli/jt'd by at least one 
subject (Fig. 3). Forward stepwise discriminant anal¬ 
ysis identified nine of those YOCs as the best set of 
markers of disease (Table 2 and Fig 4, 5}. This 
combtnatiou yielded a sensitivity of 89.6% (60 of 67 
patients) and a specificity of 82.9% (34 ol 41 pa¬ 
tients i wlit'ii a 0.5 probabilits ol disease was used as 
the dh'idiiig point between a positive and a negative 
breath test. 

Cross-validation using the leave-one-out jackknife 
procedure (and keeping the 0.5 probabilif. of dr- .co 
as the threshold) yielded, a sensitivity of S->.!'. u of 
67 patients) and a specificity of 80.5% (33 of 11 
pat ients). I n patients with MLO. i lie sensitivity of the 
model was 66.7% <10 of 15 patients). Bronchoscopy 
patients with negative biopsy findings wore classified 
as being amrer-negative with a specificity of 37,4% 


Table 1— Demographic* of Study Subjectu* 
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*Lung cancer w:i:> classified a: 

,• tihdt k'YmlYiiid when it was nut pnssiblc tr> (lGtennuie with d 

ytlainU whether it was metastatic to the lung or it had 


arisen .is u lung primary <e g. an adenoniTriiioina of incHerminatc primary ariRin). 
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Ficukk . Sinfuct* p 1 s of breath test results. Th<* ruean alwoiur gradient is sl« 'u on tin/ vertical axis 
foi t ! tu 1 1 .ilksni* and their iiionoiviothvlated derivatives. The horiv'•'■•t • »•* ■ i the sot-nilie 

VCHJ U£, the * ■ 0 iff 1 mat uni of a carbon chain letigih til 4 and a tviei hv latiuti sitt* -.. ! V! cot'tvsj. vat (ling to 
2-tiK'thvlhuUm'■ i. Several of the mean alveolar gradients appeared tu lie reduced in j vatir»sits with lung 
cat ice l eompar.'d to age-m atcf.it il ?i-: Islry volunteers and to patients with nr-ukv hronchuscnpy 
liridings. Hie hypothetical meehitnisn .» »i.c. 1 .' ii g tor these difference's. is the accelerated clearance of 
alkanes and metlnlalkam s by imlucvd C- \ I' pi»ktn«>vpbN hi patients with lung fjwer. 


specificity was §2.6% (19 of 23 patients), indicating 
that tobacco smoking does not adversely affect the 
accuracy of the breath test. Stratification by histo¬ 
logic type and TNM staging of the cancer revealed 
no marked effects, suggesting that the model’s per¬ 
formance is consistent across these strata. The sam¬ 
ple size is insufficient, however, to reach definitive 
conclusions for individual subgroups. 


Discussion 

This study demonstrated two main findings. First, 
a predictive model employing nine breath VOCs was 
sensitive and specific for lung cancer. Second, the 
statistical characteristics of the breath test showed 
only minor changes when subjects were stratified 
according to a history of tobacco smoking, the histo¬ 
logic type of the cancer, or the "TNM stage of the 
cancer. 
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(34 of 91 patients), The results of cross-validation in 
healthy volunteers and patients with I'D ' were 
si ratified by smoking status, histology, and TNM 
staging (Table 3). In smokers and ex-smokers, the 
sensitivity was 85.9% (55 of 64 patients! and the 


Table 2—VOCs Used to Identify Patients with 
Lung Cancer 

Order of Entry into Model 

rut. tii''* 

Til-.!.volte. VmHfivl 
O k !i it lie. T ■ 11. t * t f i v 1 
Octane. 4-(ile(ilvi 
Hexane. 3 ntf i\ I 

K.ptail. 

Hexane. d-m.lhyl 
Pentane 

Deeahe. rj-rneliivl 

♦Bell single disi'rirniti.ihir. 
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Figure 4. Detw -:;n of FL< with the breath test: receiver 
operatingdtar» + fvistfr emw The BMAf> in patients with PLC 
were cnmptn •! u tin i.\i v. \ of «”■ i-i.tti.ii- 1 1 > j.Aiiv cunlrnl 
Subjects. t.'.mj; il:-i It i! V [■'! !■.,!,il l' of lung 

cuncer t vised on each subject's lo'i-alii test tvsuit was UettTmint'd 
ns a value between t) and !. .flits HOC curve shows the results 
obtained with a :u del using nine VOGs t;> disci iuiinate hetueeN 
putieTits with PLC t*i ~ 07) and healthy volunteers (u “ 4i/. 
Using a cutoff point of p = 0.5. tin? seiisitivitv was «yU of 

B7 patients ) ami the specificity was S2.07 l3 i of il patients), Tile 
contour'>t a receiver operating characteristic c tin e indicates the 
overall .lis t!I.:iv ui a diagnostic test. 


The mean ttlveoiar gradients of the alkanes and 
monomethyluted alkanes observed in the breath 
were predominantly negative in patients with PLC 
and predominantly positive in the age-matched 
healthv volunteers (Fig 3. left panels), which is 
consistent with the findings of previous reports of 
increased activity of polymorphic CYP in patients 
with lung cancer. The alveolar gradient of a VOC 
varies with its rate of synthesis minus its rate of 
clearance/ 1 so that the observed differences in PLC 
were consistent either with a decreased rate of 
synthesis (caused by an unknown mechanism) or 
with an increased rate of clearance (caused by the 
induction of mixed oxidase enzymes). CYP activation 
is the basis of an emerging hypothesis for the 
etiology of lung cancer, which is based on an inter¬ 
action between inborn risk (a genotype containing 
several polymorphous GYP enzymes) and environ¬ 
mental toxins (including components of tobacco 
smoke). 

The predictive model tor PLC yielded superior 
specificity when the control group comprised healthy 
volunteers instead of cancer-negative bronchoscopy 
patients with abnormal chest radiograph findings. 
There are at least two possible reasons for this 
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Figure n. Pvetlictiims I the ilUc-riminaut model in patients with 
PLG ami healthy voh ■ • 'if ■ s-aiter diagram indicates the 
probability nfliing ca'i -. * . cnnlinp: to the cross-validation of tbo 
discriminant mi. itlcl v. ii• ; 1 - v.: ■ u. tin- nine breath VOCs. Left, A: d k- 
prohabifitv far each «>[ tit; patients with PLC unci tin- liealtby 
volunteers is shown, Right. B: the PLC data were stratified 
aeuirdiiig to TNM staying in Lite 59 patients tor whom svivjiu: 
data iv; Tc avui Ini lie, 


finding. First, not all members of the cancer-free 
group may have been truly I roc of cancer. Some may 
have harbored small foci of cancer that were too 
small for detection. Bronchoscopy and biopsy are 
seldom diagnostic in lesions that are < 1.1 cm in 
diameter, and false-negative findings art 1 not uncom¬ 
mon, particularly in lesions that arc < 2.0 cm in 
diameter/* 1- * 5 Second, some patients with abnormal 
chest radiograph findings may have harbored a pre- 
caricerous lesion that induced changes in CYP me- 


Table 3 —Effect of Smoking Status, liixtolngy, a\ul 
TiVU Staging on Performance of the Rreath Test * 
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tabolism, These possibilities could be evaluated lu 
future studies by employing more advanced tumor 
imaging with spiral chest CT scanning, and by 
longitudinal observation of these patients for the 
subsequent development of Jung cancer. 

Hit? predictions of the breath test in patients with 
PLC were not affected by the stage of the tumor 
(Fig 5). 'l.bis finding was similar to our previous 
observations and is consistent with the postulated 
mechanism (ie, the results of the breath test are 
altered by the induction of GYP polymorphs, not by 
the mass of the tumor itself)- Since enzyme induc¬ 
tion is associated with the earliest stages of carcino¬ 
genesis, the breath test may provide a rational 
method for the detection of lung cancer in its earliest 
stages. 

Hie sensitiv ity and specificity of the breath test 
were not significantly affected by tobacco smoking 
(Table 31. The reason for this is unclear since a 
history of smoking should predispose the patient to 
the induction of polymorphic GYP activity and. 
should accelerate the clearance of breath markers of 
oxidative stress. However, the absence of an ob¬ 
served effect of tobacco smoking possibly may hav e 
resulted from wide interindrvidiiu! variations in sus¬ 
ceptibility to the induction of these enzymes. Also, 
we may anticipate the existence of a subset of 
smokers who have developed the phenotype of 
induced GYP activity but who have not yet pro¬ 
gressed to detectable lung cancer. This study iden¬ 
tified a number of subjects whose breath test results 
were identified as being false-positives because the 
results were consistent with induced GYP activity, 
but imaging studies and bronchoscopy did not reveal 
a tumor. This group may be at increased risk of the 
future development of lung cancer, but it would 
require a long-term prospective study to test this 
hypothesis. 

Cross-validation of the statistical model based on 
nine breath VOCs revealed that the model would be 
expected to predict PLC with a sensitivity of 85.1% 
and a specificity of 80.5%. Based on these findings, it 
is possible to estimate the potential value ol the 
breath test as a primary screen for lung cancer in 
apparentb, healthy subjects. A good screening test 
must produce very few false-negative results without 
producing too many false-positive results. That is, a 
screening test should exhibit a. very high negative 
predictive value (NPV) and a reasonable positive 
predictive value (PPV.!, where NPV is the percentage 
of subjects testing negative who do not have lung 
cancer, and PPV is the percentage of sub jects testing 
positive who have lung cancer. 

One way to define hij*h and reasonable is to 
examine the test characteristics of other commonly 
used screening tests, such as mammography, for 


detecting breast cancer. A .1.993 mammography 
studv iM ’ involving 31.000 women reported a PPV of 
9% when the test was used to screen women aged 50 
to 59 years, and a 1997 mammography study' 57 
involving 1,007 women aged 14 to 82 wars reported 
a NPV of 98%. These figures suggest that a cancer 
screening test with comparable statistical properties 
(k\ PPV! 9%; NPV, 98%) would be considered 
clinically useful. Table 4 shows the expected out¬ 
come of screening 1,000 asymptomatic smokers who 
were is <50 years of age with the breath test, Of those 
smokers, 27 will have previously undetected lung 
cancer, based on the findings of Henselike et al :!S 
who used chest GT scanning to screen a similar 
group of subjects. The PPV and NPV of the breath 
test were 10.-8% and 99..5%. respectively, demon¬ 
strating that a breath test employed as a primary 
screen for lung cancer could potentially exhibit 
greater accuracy than a mammogram employed as a 
primary screen for breast cancel'. 

It may be asked, what is the potential role of the 
breath test in a clinical setting in which highly 
sensitive and specific techniques for imaging lung 
cancer, such as spiral CT scanning, are already 
available? The answer lies in seeing these different 
technologies as being complementary rather than 
competitive, each occupying its own niche of safety, 
cost, and efficacy. High-risk patients could poten¬ 
tially be screened for lung cancer in a rational and 
cost-effective program, as follows: primary screening 
with the breath test (low cost); if the results are 
positive, go to secondary screening with spiral CT 
scan ol the chest (intermediate cost): il that lias a 
positive result, go to final testing with bronchoscopy 
and biopsy (high cost). In summary, what the breath 
test potentially may add to existing technology is a 
safe, noniuvasivo, sensitive, and specific tool for the 
primary screening for lung cancer in high-risk pop¬ 
ulations at a comparatively low cost. We have found 
in practice that hospital and office staff members can 
be trained rapidly to collect technically satisfactory 
breath VOC samples. It would be straightforward to 
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implement a breath test screening program tor 
at-risk populations because each site would require 
only a portable breath collection apparatus. Samples 
are sent to a laboratory for assay with standard 
instruments that are widely available. 

Breath testing has a number of advantages over 
other proposed methods for the early detection of 
lung cancer, It is rioninvasive, intrinsically safe, 
comparatively inexpensive, and highly acceptable 
to patients. Another advantage derives from the 
hypothetical mechanism, as follows: changes in the 
breath test should accompany CYP activation that 
has progressed sufficiently to convert proeareino- 
gens to carcinogens. Hence, changes in the breath 
test could be observed while the cancer was still in 
its earliest and most treatable stages. Potentially, 
this could translate into a reduction in mortality 
from lung cancer, but confirmation would require 
another clinical study to determine prospectively 
the effects of breath test screening on intervention 
and survival 

We conclude that a breath test for C4 to C20 
alkalies and monomethylatcd alkanes provided a 
rational new set of markers that identified lung 
cancer in a group of patients with histologically 
proven disease. However, this study was limited by 
the following throe main factors: the limited range of 
presenting disorders among the patients; the com¬ 
paratively small number of patients with king 
cancer: and the comparatively large number of 
variables in the breath-methylated alkane contour. 
The latter two factors necessitated cross-validation 
with a Ieave-ono-oLit jackknife technique. A pref¬ 
erable cross-validation procedure is to randomly 
allocate patients to the following two groups: a 
training set, to derive the statistical model: and a 
test set. to vsilidate the model. However, this test 
of cross-validation requires a larger number of 
patients than were available for this study. Further 
studies arc required to validate the breath test 
more stringently in a greater number of patients 
with Jung cancer who present with a more diverse 
range of disorders. Connelly and lntii -w have iden¬ 
tified I he criteria for a screening test, which 
depend both on the disease and the method of 
screening. The disease must be sufficiently bur¬ 
densome to the population that a screening pro¬ 
gram is warranted, the disease must have a long 
preeJiuieal latent period, and efficacious treatment 
must be available. The screening method must 
have acce ptable technical performance parame¬ 
ters and must detect the disease at an earlier stage 
than would be possible without screening, while 
minimizing false-poxitis e and false-negative re¬ 
sults. In addition, early detection must improve 


disease outcome, and the cost, feasibility, and 
acceptability of screening and early treatment 
should be established. Hie breath test: is compar¬ 
atively low in cost, technically feasible, and accept¬ 
able to patients. Based on this study, it appears 
likely that it could provide earlier detection of lung 
cancer with an acceptably low rate of false-positive 
and false-negative results. However, it is not yet 
known whether it can improve disease outcome. 
Further studies are needed to confirm these find¬ 
ings and to evaluate the potential value of breath testing 
in screening for early lung cancer. 
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